Abstract-The yield strength of stirrups is limited to 420MPa and 600MPa in the ACI 318-14 standard and EC2-02 respectively. In this study, four beams were tested to investigate the influence of high strength stirrups on the shear behavior of PSC beams. For extension of this study, simulations to obtain the shear behavior of prestressed concrete beams with various yield strength of stirrups was conducted using a finite element analytical program (RCAHEST). The experimental and analytical results indicated that the limitation on the yield strength of shear reinforcement for prestressed concrete beams in the ACI 318-14 design code was too conservative. The simulation result also indicated that it could be possible to increase the yield strength of shear reinforcement in the ACI 318-14 design code up to 610MPa. The shear strength of prestressed concrete beams with high strength stirrups did not proportionally increase with the increase of yield strength of stirrups.  Index Terms-failure modes, high strength steel bars, prestressed concrete beams, shear strength
I. INTRODUCTION
Recently, special structures such as high-rise buildings, long-span bridges and nuclear power plants are rapidly being constructed to meet the demands of the times. However, raw materials including steel keep insufficient and its prices are drastically increasing; hence, high performance materials which are compatible to these structures should be needed. To apply high strength materials to Reinforced Concrete (RC) and prestressed concrete (PSC) members, various material properties must be examined.
In ACI 318-14 [1] , the yield strength of flexure and axial reinforcement is limited to 550MPa and the yield strength of web reinforcement is limited to 420MPa. EC2-02 [2] , meanwhile, allows the yield strength of web reinforcement to 600MPa.
In this study, four PSC beams with high strength stirrups were tested. The test results were compared with the shear behavior of PSC beams analyzed by two analytical methods. In addition, some simulations are conducted to figure out the behavior of beams with high yield strength of web reinforcement. 
II. TEST PROGRAM AND MESUREMENTS

A. Test Program
To evaluate shear behaviors according to the yield strength of web reinforcement for prestressed concrete, the four simply supported PSC beams were made. These specimens had rectangular section shape and were distinguished by the yield strength of web reinforcement. The ratio of nominal shear strength with respect to nominal flexure strength was less than 0.7 to induce shear failure of all beams prior to flexural failure.
The cross sectional dimensions of specimens were 370 × 500mm and the shear span-depth ratio (a/d) of all the beams was designed, 2.3 ( Fig. 1) . D29 deformed steel bars with 501.9MPa yield strength were placed as the longitudinal bars at compressive and tensile side each four. D10 deformed steel bars for the web reinforcement were used to be perpendicular to longitudinal axis. According to the yield strength of web reinforcement, specimens varied RB-0, RB-280, RB-450 and RB-500. In Table I and Fig. 2 , the overall dimensions of these specimens are shown. Strain gauges were attached to the longitudinal bars, web reinforcement bars, and strands to examine shear failure mode.
The prestressing strands are seven-wire strands with a nominal diameter of 12.7 mm (A p =98.71mm 2 ). All the specimens have five tendons at compressive and tensile side both to apply prestressing force by post-tensioning systems. The yield strength and ultimate strength of the strands were 1580.4 and 1853.9MPa, respectively. The applied prestressing force was 1014kN. On the basis of ACI 318-14 [1] standard, the total prestress loss was consider. Initial and effective prestressing forces of these specimens are shown in Table II .
B. Loading System and Measurements
The locations of the Linear Variable Differential Transducers (LVDTs) are shown in Fig. 2 . Six LVDTs were attached to each face of the beam near the shear critical region to measure the displacement at longitudinal and transverse of each region. Two LVDTs were attached to each bottom surface of loading point to measure the deflection of the beams as well.
The PSC specimens were simply supported and subjected to two-point concentrated loads. In the test, a strain-controlled with 0.02 mm displacement per 1 sec test procedure was adopted. When testing the specimens, magnifying glass used every 10 tons to measure the state of diagonal cracks. The test was continued when the shear strength of beams reached their 90% of maximum shear strength. 
III. TEST RESULTS
Specimens of RB-0 and RB-280 failed in shear without the flexural yielding of the longitudinal reinforcements. In case of the specimen RB-450 and RB-500 failed in shear nearly simultaneously when longitudinal tensile bars reached their yield strain. In the all PSC beams, flexural cracks occurred firstly at the middle of span in the maximum moment region. As the load increased, flexural-shear cracks and diagonal cracks appeared gradually. The number of diagonal cracks increased as load level increasing. Fig. 3 represents the load-deflection curves of specimens. As the yield strength of shear reinforcement increased, the maximum shear strength and deflection also increased. In case of RB-0 with no shear reinforcement and RB-280 with relatively low yield strength, shear strength has a tendency of dramatic reduction after reached their maximum load. In case of the specimens with high strength shear reinforcement, shear strength reduced moderately after reached their maximum load. It can be considered that the specimens with high strength shear reinforcement have low ratio of nominal shear strength and nominal flexure strength than the beams having lower yield strength of shear reinforcement. All the test results such as maximum load, maximum deflection, and failure mode are shown in Table III .
IV. PREDICTION OF THE SHEAR BEHAVIOR OF TESTED PSC BEAMS
In order to predict the structural behavior of tested four PSC beams, two analytical methods, Rotating-Angle Softened Truss Model (RA-STM) [3] , [4] and RCAHEST [5] , were adopted in this paper.
A. Rotating-Angle Softened Truss Model (RA-STM)
RASTM (Fig. 4) is a method to predict the shear behavior of RC or PSC beams, based on the mechanism of materials (equilibrium of forces, compatibility equations, and stress vs. strain relations of concrete and steel bars). The stress-train curve of concrete must reflect two characteristics. First, is the nonlinear relationship between stress and strain and the second, and perhaps more important, is the softening of concrete in compression, caused by cracking owing to tension in the perpendicular direction. Consequently, a softening coefficient will be incorporated in the equation for the compressive stress-strain relationship of concrete. In view of the crucial importance of the softening effect on the biaxial constitutive laws of reinforced concrete, this model has been named the 'softened truss model'. The word 'softened' implies two characteristics: first, the analysis must be nonlinear and, second, the softening of concrete must be taken into account.
Equilibrium Equations
where, lp 
Shear behavior of tested beams predicted by RA-STM
The analysis results from Rotating-Angle SoftenedTruss Model (RA-STM), which uses the constitutive equations based on the actual, observed stress-strain relationships of concrete and steel, are compared to test results. In Fig. 5 and Table IV , test results and analytical results are shown. Prestressing (compression to axis direction) is changed to normal stress along longitudinal axis.
RA-STM cannot be used for beams with no stirrups; hence, the comparison with the specimen which does not have stirrup was ruled out.
The applicability of RA-STM for concrete members is investigated by comparison with analytical results and test results.
The values of V RA-STM /V test are 1.37, 1.31 and 1.30 according to RB-280, RB-450 and RB-500 each. The average value of these is 1.326. Shear stress from analysis was higher than the maximum shear stress of test results and analytical method predicts somewhat excessive.
RA-STM assumes the model is under only pure shear state, thus, the moment influence is not considered. The beam in practice is subjected to flexure and shear coincidently. Finally, there are differences between analytical results and test results.
B. Rcahest
RCAHEST is a finite element analysis program developed for the purpose of research and education by Taylor, Berkeley University. It can be defined onedimension, two-dimensions, and three dimensions component network. Not only it has various linear and nonlinear analysis algorithms, but also shows the results graphically. In addition to linear or nonlinear solid components, two-dimension or three-dimension frame components, and panel or shell components, constitutive equation for linear, viscoelasticity and plasticity, etc, is included. Besides, user can develop components and add those, as well as use the combination. (Taylor, 2000 [7] )
The accuracy of nonlinear infinite element analysis for RC structure depends on how exact nonlinear analysis model (the components of beam, column, and shell for RC and PSC) can describe the mechanical behavior. For more rational and realistic prediction of behavior properties of structures, more deliberate and efficient model for nonlinear analysis is needed. Hence, the team, Structural Analysis Laboratory, SungKyunKwan University, which made RCAHEST, develop and verify nonlinear analysis model and this model is applied for RCAHEST, which includes RC plane stress component, joint component, elasticity component, beam and column component, shell component, footing component, structural component considering geometrically nonlinear and expansion joint, etc,.
Shear Behavior of Tested Beams Predicted by RCAHEST
The analysis results from finite element analysis program RCHEST, are compared to test results. Fig. 6 and Table V show the test results and analytical results. As test specimens are prestressed concrete beams, prestressed concrete elements were selected for RCAHEST analysis accordingly. The element of application to analytical prestressed concrete method in RCAHEST is "Reinforcing or Prestressing Bar Element". It is used with "beam element, 2 dimension stress element and shell element", etc.
The applicability of RCAHEST for concrete members is investigated by comparison with analytical results and test results.
The values of V RCAHEST /V test are 0.93, 1.10, 1.07 and 1.03 according to RB-0, RB-280, RB-450 and RB-500 each. The average value of these is 1.033. In the only case of specimen RB-0, the value of V RCAHEST /V test is under 1.0. Analysis results are much similar with test results and the analytical maximum load is very close to the test result values. Analytical method predicts safety side except for RB-0 which has no stirrup.
It is concluded that comparing with RA-STM, RCAHEST analysis is considered not in pure shear state, but under flexure and shear, both. Also, RCAHEST divides beams to infinite elements, resulting in better result, hence makes good agreement to test specimens. 
C. Simulations for Beams with Higher than 500MPa of Stirrups 1) Shear behavior of simulation beams predicted by RCHAEST
Through the previous analysis results, it is shown RCAHEST can predict better than RA-STM. RCAHEST, which is finite element analysis program, is determined as more rational method to analyze than RA-STM where only pure shear is considered. To estimate the behavior of post-tensioned prestressed concrete beams with stirrups strength higher than 500MPa, RCAHEST is adopted as a simulation tool. In these simulations, the target specimens have same properties with previous test specimens in practice, except the yield strength of stirrups, which varies 550MPa, 600MPa and 610MPa. Fig. 7 and Table VI represent simulation results. The predicted maximum shear strength of beams with stirrups strength of 550MPa was 1702.4kN and it had sheartension failure where beam failed after its stirrups yielded. The predicted maximum shear strength of beams with stirrups of 600MPa was 1705.0kN and there were a little difference with stirrup strength of 550MPa. It also had shear-tension failure. In case of the beam with stirrups of 610MPa, shear-tension failure is occurred as well, but beams with greater than 610MPa yield strength of stirrups failed at the loading points elements with crushing. Hence, up to 610MPa yield strength of stirrups, simulations are available. 
2) Analysis of load development trend with respect to yield strength
In Fig. 8 and Table VI the relation load development trend and yield strength is shown. To figure out progress of maximum load transition with respect to yield strength of stirrups, additional simulations of beams with stirrups of 100MPa, 200MPa, 350MP and 400MPa are conducted.
The rate of increase of maximum load is decreasing following increasing the yield strength of stirrups, but it keeps increasing from beams with no stirrups to with stirrups of 450MPa. Beams with stirrup strength exceeding 450MPa, there was no clear inclination. 
V. CONCLUSIONS
In this paper, four PSC beams with high strength stirrups were tested. In addition, a simulation by using a finite element method was conducted to predict the structural behavior of PSC beams with high strength stirrups. The results obtained from the experimental and analytical study are following below.
 Test results indicated that the PSC beams with high strength stirrups greater than 500MPa showed shear tension failure. The limitation on the yield strength of shear reinforcement for PSC beams in the ACI 318-14 design code is too conservative.  Simulation results conducted by a finite element analytical method, RCAHEST, indicated that the PSC beams with stirrups lower than 610MPa showed shear tension failure.  The experimental and analytical results indicated that it could be possible to increase the yield strength of shear reinforcement in the ACI 318-14 design code up to 610MPa.  The shear strength of PSC beams with high strength stirrups did not proportionally increase with the increase of yield strength of stirrups. 
